Abstract In summer 2016, more than 50 Arctic Barren Ground caribous were found dead on Prince Charles Island (Nunavut, Canada), a species recently classified as threatened. Neither predator nor sign of diseases was observed and reported. The main hypothesis is that caribous were not able to access food due to a very dense snow surface, created by a strong storm system in spring. Using satellite microwave data, a significant increase in brightness temperature polarization ratio at 19 and 37 GHz was observed in spring 2016 (60% higher than previous two winter seasons). Based on microwave radiative transfer simulations, such anomaly can be explained with a very dense snow surface. This is consistent with the succession of storms and strong winds highlighted in ERA-Interim over Prince Charles Island in spring 2016. Using several sources of data, this study shows that changes in snow conditions explain the caribou die-off due to restricted foraging.
Introduction
The caribou herd on Prince Charles Island (PCI) is a subpopulation of the Baffin Island herd for which numbers have declined dramatically from more than 120,000 in 1991 to an estimated 3,460 to 6,250 during the 2014 census (supporting information). In summer 2016, Barren Ground caribou carcasses (~50) were found on PCI, Nunavut (Canada). This island is located in Foxe Basin, west of Baffin Island, within the Canadian Arctic Archipelago (Qikiqtaaluk area). With such an important decrease, it becomes essential to better understand the reasons for sudden death events such as observed on PCI in 2016. An association between extreme weather events during the winter season and caribou and reindeer population decline has been reported recently (e.g., Langlois et al., 2017; Mallory & Boyce, 2017; Sokolov et al., 2016; Tyler, 2010) , and several studies investigated the relationship between snow density and ungulate foraging conditions (Hansen et al., 2011 (Hansen et al., , 2014 Ouellet et al., 2017; Vikhamar-Schuler et al., 2013) . These studies have found that persistent snow density values >350 kg m À3 could be linked to decrease population numbers. Strong winds and rain-on-snow events are the main meteorological events leading to a denser snowpack and ice crust formation. Therefore, an unusual number of storm occurrence, or rain-on-snow events (e.g., Dolant et al., 2016 Dolant et al., , 2017 , during a winter season represents a serious threat to caribou survival in the Arctic. Hence, the objective of this study is to investigate the possible causes of the PCI's caribou die-off by analyzing anomalies in weather events that could generate significant changes in snow conditions.
Here we propose an approach for wind slab detection using microwave satellite data. We used previously defined brightness temperature indexes for ice crust detection within the snowpack (Montpetit, 2015) and rain-on-snow event detection (Dolant et al., 2016 (Dolant et al., , 2017 . A new sensitivity analysis based on a modeling approach shows the usefulness of these indexes for wind slab detection for arctic snow type. Results are analyzed for three winter seasons (between 2013 and 2016) and applied to characterize snow conditions on PCI during spring 2016. Reanalysis data were also used to characterize weather conditions prior to the caribou die-off, where local observations do not exist, except for three meteorological stations in the Foxe Basin region far from PCI (Figure 1 ). The data set is sufficient to investigate snow and atmospheric conditions that lead to the caribou die-off.
Context of Caribou Die-off
On 3 July 2016, an Environment and Climate Change Canada (ECCC) team flew from Igloolik to PCI to conduct wildlife surveys at two different sites on the island (around 67°44 0 N 75°28 0 W and 68°10 0 N 76°43 0 W). Three demographically independent subpopulations are thought to occur on Baffin; caribou on Prince Charles are part of the south Baffin Island group, and the South Baffin Island caribou appears to be nonmigratory potentially due to the current low numbers (Jenkins et al., 2012) . Available information suggests a 98% decline from over 200,000 caribou in 1992 to less than 5,000 caribou on the Baffin Island in 2014 (COSEWIC, 2016) . About one third of all caribou surveyed in 2014 were located on PCI, suggesting that PCI is an important strong hold for caribou on Baffin Island.
The former site was a large sandy esker, rising approximately 25 m above the surrounding lowland habitats and approximately 1 km long. At this site, the carcasses of at least 47 dead caribous (i.e., at that time, 1,603 -the range of 1,158 to 2,220 corresponds at 95% of confidence interval-were found), with most distributed along both sides of the ridge and a lesser number on top. At the latter site, five carcasses distributed within 1 km of the above location were found, again associated with ridges (2-15 m high). Both sexes and various age groups were represented: male caribous with velvet antlers, antlered caribous, and young animals. Some animals appeared to have died while lying down, and others appeared to have fallen over from a standing position. The carcasses were intact and desiccated, with the internal organs decomposed, suggesting that death had occurred at least several weeks prior and potentially as early as late winter. An experienced caribou biologist who later visited the site concluded that the animals appeared to be emaciated and most likely died of starvation (M. Dyck, unpublished) . Caribous can experience acute food shortages in late winter and early spring (e.g., Russell et al., 1993) , and although they are well adapted to manage energy demands and capitalize on patchily distributed food (Thompson & Barboza, 2013) , extreme weather that limits access to food for prolonged periods can lead to starvation (Mallory & Boyce, 2017) .
Data and Methods

In Situ Data
Field measurements of snow geophysical properties collected in Churchill, Manitoba, in 2010 during the Cold Regions Hydrology High-resolution Observatory Canadian campaign were used as input to the Microwave Emission Model for Layered Snowpacks (MEMLS). Although the geographical location between Churchill and PCI is different, the snow conditions are similar since we use open tundra measurements (Sturm, Holmgren, & Liston, 1995) . A total of 23 snowpits were conducted with profile measurements of density, temperature, and snow grain specific surface area (SSA), which can in turn be converted to correlation length for MEMLS Montpetit et al., 2012; Roy et al., 2013) .
Satellite Data
Brightness temperature (T B ) observations from the Special Sensor Microwave Imager/Sounder were used at 19 and 37 GHz, in both horizontal and vertical polarizations (Armstrong et al., 1994) . Both the ice/wind slab detection and rain-on-snow detection algorithms were applied to this data set. The results were compared between the three winter-spring seasons (1 October to 31 May between 2013 and 2016). Both ascending and descending passes were used in order to optimize temporal coverage.
Reanalysis Data
The North American Regional Reanalysis (NARR; Mesinger et al., 2006) were used to correct atmospheric contribution to the satellite, and the precipitable water was retrieved for the calculation of atmospheric transmissivity at both 19 and 37 GHz . We used the Millimeter Wave Propagation Model (Liebe, 1989) implemented in the snow emission model HUT (Pulliainen et al., 1999) , allowing the retrieval of both transmissivity and atmospheric T B . The spatial resolution of NARR data is 0.1°(about 32 km), which is reasonable for the correction of passive microwave observations projected on the EASE-Grid at 25 km (Dolant et al., 2017 (Dolant et al., , 2016 Langlois et al., 2017; Montpetit et al., 2013; Roy et al. 2013 ).
For the weather synoptic condition analysis during the spring 2016 (i.e., period during which the die-off occurred), we used atmospheric mean sea level pressure and winds from three cells of ERA-Interim reanalysis (Dee et al., 2011) . ERA-Interim is produced with T159 atmospheric weather forecast model, implementing four-dimensional variational data assimilation, and provides 3-dimensional atmospheric output at 76 km spatial and 6-hourly temporal resolution. This data set was not employed for atmospheric correction given the coarser spatial resolution but is a better product for synoptic analysis since NARR uses 3D-Var data assimilation system and moreover is a regional reanalysis performed with a regional model, which uses for the lateral boundary conditions global coarse resolution National Centers for Environmental PredictionDepartment of Energy reanalysis (Kanamitsu et al., 2012) . Moreover, NARR provides only regional zoom of mean sea level pressure and wind speed fields, which are not very reliable close to the lateral boundaries.
MEMLS Model
Microwave Emission Model for Layered Snowpacks is a semiempirical model using profiles of snow properties as input to simulate T B in the frequency range 5-100 GHz . In MEMLS, the snowpack is characterized by smooth horizontal layers described by their thickness, density, temperature, exponential correlation length (a microstructure variable used to quantify grain size), and liquid water content if the layer is moist/wet. To simulate all fluxes between snow and soil, the model also requires soil temperature and snow-soil interface reflectivity derived from a modified version of the Wegmüller and Mätzler (1999) model (Montpetit et al., 2018) .
Rain-On-Snow Detection
The rain-on-snow detection is based on the gradient ratio of brightness temperatures at 19 and 37 GHz in both horizontal (GR H ) and vertical (GR V ) polarizations (Dolant et al., 2016 (Dolant et al., , 2017 Langlois et al., 2017) . The algorithm uses the ratio between GR V and GR H such that
Following the Dolant et al. (2016) approach, a threshold was applied on the satellite data set in order to detect rain-on-snow events, which was set at À10 in Langlois et al. (2017) and validated in Dolant et al. (2017) .
Ice Crust and Wind Slab Detection
The ice crust and wind slab detection algorithms are based on the polarization ratio (PR) temporal variability (Grenfell & Putkonen, 2008) , for a given frequency f, such as
When the snowpack does not include ice crusts, volume scattering dominates the signal, which leads to a depolarizing effect (i.e., T B H-T B V) so that PR values are close to 0. However, in the presence of ice crusts, or high density layers, T B H becomes more affected through higher reflectivity leading to a polarizing effect,
increasing PR values significantly. Montpetit (2015) investigated the effect of ice lenses on the PR using MEMLS, where a threshold was applied on the difference (ΔPR) between the mean winter PR (PR f ) and the daily PR (departure from average), such as Langlois et al. (2017) highlighted the fact that the snow used in Montpetit et al. (2013) was not representative of high arctic conditions and that a distinction between ice layers and wind slabs for this type of snowpack should be investigated. We thus followed a similar approach for simulating the PR values for typical arctic snowpack structure using the MEMLS radiative transfer model and 23 arctic snowpits over tundra. A sensitivity analysis on ΔPR variation at 19 and 37 GHz was conducted as a function of wind slab geophysical properties, which are known to significantly change the T The observed SSA, density, and thickness ranges of variation were applied to the surface layer (i.e., wind slab) exclusively. For the 23 snowpits, the mean of number of layers used was 10 ± 3 with median value at 9 with a mean total thickness of 74.7 cm ± 46.9 cm with median of 57 cm. The wind slab (i.e., dense top layer of snowpack) configuration was as follows: 19 possibilities of density values, 40 for thickness, and 81 for SSA (the range is indicated at section 3.6). Thus, a total of 61,560 possibilities of wind slab configurations were applied in MEMLS for each snowpit, so that a total of 1,415,880 configurations were used for the 23 snowpits.
Results
High Density Slab Retrievals Using Microwave Simulations
Microwave emission from the snowpack carries information about snow layering. A threshold applied on MEMLS simulated ΔPR can be used to detect the presence of wind slabs or ice layers. Results are summarized in the histograms presented in Figures 2a and 2b for slab-free (WS off ) and with wind slab (WS on ) scenarios, respectively. Without a significant slab present, the ΔPR values are centered on 0 (light gray distribution). When the density increases near the surface, ΔPR values increase from 0.01 to 0.04 (dark gray distribution). The shape of the frequency distribution changes from slab-free to wind slab conditions, and the intersection between the two histograms suggests the following thresholds: 0.0127 for ΔPR19 and 0.0124 for ΔPR37. The thresholds correspond to snow density values of 425 and 520 kg m À3 (Figure 2c ).
Ice Crust, Rain-on-Snow, and Wind Slab Detection Using Passive Microwave Observations
The GRP and ΔPR approaches were applied to daily SSMI/S product for three consecutive winter seasons (2013) (2014) (2015) (2016) in order to investigate if the 2015-2016 winter witnessed abnormal snow surface conditions due to extreme weather events. While the variability of ΔPR at 19 and 37 GHz remain relatively weak during the first two winters, the values significantly increased in April 2016 (Figure 3) . The observed ΔPR peaks were on average 0.029 to 0.040 (19 GHz in ascending and descending orbits, respectively) and 0.037 to 0.039 (37 GHz in ascending and descending orbits, respectively), corresponding to very high snow density of 425 to 520 kg m À3 according to Figure 2c . These density values are largely above the 350 kg m À3 critical value identified as problematic with regards to grazing conditions by Ouellet et al. (2017) and Vikhamar-Schuler et al. (2013) . Furthermore, the average value of ΔPR at 19 GHz is more variable than the one measured at 37 GHz. This is due to the deeper penetration depth at 19 GHz that is less sensitive to the high-density variability of wind slabs at surface. Dolant et al. (2017) defined the ROS detection threshold at GRP = À10, a value that was never reached throughout the satellite time series (Figure 3 ), suggesting that no ROS events occurred during the three winters. In fact, the GRP values increased and peaked in April 2016, coincidently with the strong increase in ΔPR.
Since an increase in density increases both indices, these results suggest that a dense wind slab was formed.
Our results (considering two observations per day, for three winter seasons, over 17 pixels covering the PCI) show that the percentage of pixels reaching the threshold corresponding to wind slabs is rather constant between the three seasons analyzed. Image analysis shows relative homogeneity over the 17 PCI pixels,
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meaning that the detected events are spread over the whole island. However, we conducted the same analysis for the month of April 2014, 2015, and 2016 when the caribou die-off occurred. The number of snow high density events recorded in April 2016 is 2 to 5 times greater than the previous two winter seasons (i.e., April 2014 and 2015; Figure 4c ). If we look at the fraction of all winter events detected, 30 to 50% of them were recorded in April 2016, while the proportion varies between 1 and 20% for April 2014 and 2015. For the central pixel of PCI only, the fraction is higher with no events detected in April 2014, 5% in April 2015, and 90% in April 2016. This analysis reveals two critical points: (1) The high-density events recorded in April 2016 were significantly stronger in ΔPR amplitude, suggesting much higher snow density ( Figure 3 ) and in number of occurrences (Figure 4) , and (2) in April, caribous are more vulnerable to foraging conditions, especially with their calves that seriously limit their mobility. Events such as the one recorded on 21 April confirm the hypothesis of abnormal dense snow conditions that limit forage conditions.
Meteorological Synoptic Analysis
Here we applied a threshold of 1,013.25 hPa to the mean sea level pressure to distinguish low-and highpressure systems. This is generally consistent with the continental cyclone analyses by Gulev et al. (2001) and Tilinina et al. (2014) . Langlois et al. (2008) showed that low-pressure disturbances in the Arctic can have a significant impact on snow and sea ice properties over a short period of time. For the PCI case study, using ERA-Interim reanalysis data, we analyzed the presence of such systems that typically lead to an increase in wind speed generating high-density wind slabs on the snowpack surface. Figure 5a highlights a significant shown in Figure 5a , and associated with the strongest wind speeds (>50 km hr
À1
; Figure 5d ). Maximum scalar wind speeds revealed by ERA-Interim maps (Figure 5b) , calculated from the eastward and northward wind components, were oscillating around 60 km hr À1 over PCI, which is close to the values recorded at the ECCC stations and largely sufficient to create significantly dense wind slabs. The formation of slab depends on wind speed and surface roughness. From a general perspective, results from the literature (Sturm & Stuefer, 2013) suggest that wind speed values >10 m s À1 will promote blowing snow and formation of wind drifts/slabs (supporting information).
Conclusions
We established a clear relationship between the caribou die-off event discovered in summer 2016 on the PCI and the extreme weather conditions that led to significant changes in snow density. More specifically, strong changes in snowpack state derived from microwave observations coincide with major storms occurring in April 2016. Strong winds led to the formation of high snow density layers at the surface, exceeding the critical threshold for optimal caribou grazing condition of 350 kg m À3 identified in the literature. The occurrence time is crucial for the survival of herbivores. A meteorological event causing a dense layer in early winter can lead to the development of crust on the ground, blocking food access throughout the winter. However, during the winter, caribou can move to find a better place to forage food. An event at the end of winter "kills" the herbivores, who, being deprived of food during the winter, are found even more impoverished. In addition, female caribous give birth at the end of winter, thus blocking the possibility of movement (to find food) and deplete the caribou that can thus lead to the death of them. Generally, during the summer, caribous recharge their fat reserves; with little movement, they gain weight quickly in the event of normal summer conditions (no extremes). It is certain that two consecutive winters can be catastrophic for the survival of a herd, but one very hard winter is enough to make the herd disappear as a whole. A number of factors may come into play with respect to the effect of bad winter conditions on herbivore mortality. Some of these include the severity, duration, and timing of bad weather, population size (e.g., the potential for overgrazing), sex (e.g., male caribous generally tend to be in bad condition following the rut), and age (e.g., the young and old are generally more vulnerable than other age classes). Indigenous knowledge does, however, indicate that one bad winter can result in increased herbivore mortality. For example, trappers reported widespread mortality in February/March of 1978 on Banks Island following a severe rain on snow event reported in November of 1977 (Miller, 1992) . Similarly, a large muskox die-off was reported in 2004 ) following a number of icing events in the fall of 2003 and winter of 2004 (Gunn et al., 2006; Nagy, Gunn, & Wright, 2009) . While the icing event did not lead to increase caribou mortality, it did seem to result in lower calf production the following spring (SARC, 2012) . There are other instances where severe winter events have not been associated with any major die-off events. More research on characterizing severe weather events and the effect on herbivore dynamics is clearly needed.
The three winter seasons were compared together, and it was shown that April 2016 witnessed significantly more wind slabs detected when compared to April 2014 and 2015. ERA-Interim reanalysis data confirmed the presence of several important storms during spring 2016, where 30 to 50% of the yearly "high density events" occurred in April, a period where the die-off was estimated to occur. This paper opens new ways to monitor snow density change using satellite observations across the Canadian Arctic Archipelago, which can be used in several applications from hydrology to ecology/wildlife and better understand the impact of climate change on surface state variables across the Arctic.
